Cued Speech (CS) is a communication system developed for deaf people, which exploits hand cues to complement speechreading at the phonetic level. Currently, it is estimated that CS has been adapted to over 60 languages; however, no official CS system is available for Mandarin Chinese. This article proposes a novel and efficient Mandarin Chinese CS system, satisfying the main criterion that the hand coding constitutes a complement to the lips' movements. We propose to code vowels [i, u, y] as semiconsonants when they are followed by other Mandarin finals, which reduces the number of Mandarin finals to be coded from 36 to 16. We establish a coherent similarity between Mandarin Chinese and French vowels for the remaining 16 finals/vowels, which allows us to take advantage of the French CS system. Furthermore, by investigating the lips viseme distribution based on a new corpus, an optimal allocation of the 16 Mandarin vowels to different hand positions is obtained. A Gaussian classifier was used to evaluate the average separability of different allocated vowel groups, which gives 92.08%, 92.33%, and 92.73% for the three speakers, respectively. The consonants are mainly designed according to their similarities with the French CS system, as well as some considerations on the special Mandarin consonants. In our system, the tones of Mandarin are coded with head movements.
However, there still exists a problem with speechreading because of the similarity of labial shapes, such as the ambiguity of vowels [y] and [u] . As a result, this problem makes it difficult for individuals who are deaf or hard of hearing to access spoken language only by the traditional oral education. Many methods have been proposed to overcome this problem, and most of them use hand coding to provide additional information.
Cued Speech was invented by R. Orin Cornett (1967) at Gallaudet University to enable easier access to spoken language. & Leybaert, 1990) , it has been shown that when individuals who are deaf or hard of hearing use CS, they can almost completely access spoken language. Destombes (1982) demonstrated that a deaf child was able to acquire a complete and accurate model of spoken language using visual information only. Périer and De Temmerman (1987) suggested that CS can reduce the barriers that deaf children experience in their initial communication with their hearing parents. Leybaert and Charlier (1996) showed that the CS system allows deaf individuals to have a complete phonological representation of a language. By comparing their performances with hearing people in reading and writing abilities, Leybaert and Charlier. also showed that CS can help them develop these abilities.
Several studies have been conducted on different versions of CS that show how the system can help speech perception for deaf or hard of hearing individuals by complementing hand coding with speechreading. For American English CS, readers may refer to the following studies: Ling and Clarke (1975) ; Clarke and Ling (1976) ;
In this system, a special hand coding (i.e., a combination of different handshapes and positions near the face) complements the speechreading process to enhance speech perception. More precisely, the handshapes are used on one side of the face and neck to code consonants, while on the other side the hand positions code vowels. An example of the French CS is shown in Figure 1 , 1 where 5 hand positions (i.e., side, mouth, neck, cheek, and chin) are used to code vowels and 8 different handshapes are used to code consonants.
Around the world, CS is becoming more and more popular as an aid to improve the communication between deaf or hard of hearing children and their hearing family members, and has been adapted to more than 60 languages. The National CS Association (NCSA) 2 for American English CS, the Cued Speech Association United Kingdom (CSAUK) 3 for British English CS and the Association nationale pour la Langue française Parlée Complétée (ALPC) 4 for Langue Francaise Parlée Complétée (LPC) have been established to generalize this system. In previous research (Nicholls & Mcgill, 1982 ; Alegria, Dejean, Capouillez, Figure 1 . French CS (LPC) system system for Mandarin Chinese. However, according to the China Disabled Persons' Federation, 5 about 21 million people have hearing loss out of the 60 million people with disabilities in China. For the moment, Chinese Sign Language (Fischer & Gong, 2010; Yang & Fischer, 2002; Chena, Gao, Fang, Wang, & Yang, 2003) , which has been developed since the late 1950s, is the most popular communication method among Chinese deaf people. One of the reasons that Mandarin Chinese CS is nonexistent probably lies with the great complexity of Mandarin Chinese. In fact, according to the NCSA, a Mandarin Chinese CS system is difficult to build due to the large number and complicated combinations of Mandarin phonemes. Besides, some confusion between phonetic pronunciation and Pinyin makes the development of a Mandarin Chinese CS system very difficult.
This work aims at proposing a new Mandarin Chinese CS system that satisfies the main criterion (Cornett, 1994 ) that hand and lips coding are complementary (i.e., the phonemes with similar lipshapes should be distinguished by different hand coding). Moreover, the proposed system has been optimized so that CS cuers need to use minimum energy to code it, and the interlocutors can easily perceive the cuer's gestures. Mandarin Chinese CS is not invented to replace Chinese Sign Language but to make individuals who are deaf or hard of hearing (especially children) have easier access to the spoken language. And it allows them another option to learn Mandarin.
In summary, this work contains the following four contributions in order to build our Mandarin Chinese CS system: 1. All the compound finals starting with u [u] , ü [y] 6 are coded using Nicholls and McGill (1982) ; Uchanski et al. (1994) ; and Charlier, Hage, Alegria, and Périer (1990) . Concerning the French CS system, readers may be interested in Alegria, Charlier, and Mattys (1999) ; Cathiard (2002, 2004) ; Attina (2005) ; Aboutabit (2007); Liu (2018); Liu Hueber, Feng, and Beautemps (2018) ; Liu, Li, Feng, and Zhang (2019); and Heracleous, Aboutabit, and Beautemps (2009) . In the following two studies, we can see how American English and French CS systems produce dramatic improvements to children's speechreading ability. When studying American English CS, Nicholls and McGill (1982) tested reception of multiple messages in seven different environments by 18 hard of hearing children aged 9 to 16 years. The experiment showed that percentages of correct perception of English syllables increased from 30% using speechreading only to 83.5% using CS (with 53.5% improvements). As for the French CS system, the work of Alegria et al. (1999) tested the perception of French signal words in 7 "CS-early" children, aged 8 to 12 years, and 24 "CS-late" children, aged 11 to 19 years. CS-early children were exposed to CS before the age of 2, and CS-late children were exposed to CS after the age of 2. They found that the correct perception of French words in the CS-early children increased from 40% using speechreading only to 77% using CS, and perception increased from 50% to 70% for the CS-late children. These works demonstrate that American English and French CS systems largely enhance speechreading by combing lip and hand cues.
Most CS versions of spoken languages (i.e., British English, French, and Dutch) originate from the first work of Dr. Cornett (1994) . As far as we can determine, there is no official research work or available CS
Coding of Mandarin Finals: Methodology
Mandarin Chinese is organized around syllables that are created by an initial followed by a final. There are 35 finals (when er is considered, this number becomes 36) and 21 initials (Manser Ren, Wu, & Zhu, 2003) . Initials are almost all consonants, while finals can be divided into two categories: simple finals and compound finals (Manser et al., 2003) . Simple finals contains 6 single vowels (i.e., a, o, e, i, u, ü , see the elements with a gray background in Table 1 ). Compound finals can be diphthongs (e.g., ai, ei, ao, ou) , nasalized vowels (e.g., an, eng, etc.), or finals that begin with i, u, ü, followed by a single vowel, diphthong, or a nasalized vowel, for example, ia, uai, üan (see the elements inside the right rectangle box in Table 1 ).
semiconsonants [j], [w], [ɥ]
. This strategy reduces the number of Mandarin finals to be coded by hand positions from 36 to 16, and is much more efficient than coding them by two or three successive simple vowels. 2. The 16 remaining finals/vowels can be coded by 5 hand positions. In order to optimize the allocation of these finals/ vowels into 5 hand positions, two studies were carried out. The first one exploits a similarity between Mandarin and French vowels. This similarity allows us to establish a first vowel allocation, which possesses a certain optimality. 7 Secondly, lips parameter distributions for different vowels coded by hand positions are studied based on a new corpus recorded specifically for this work, which permits optimization of the vowel allocation. Compared with the British/America English CS, a significant advantage of the proposed method is that no Mandarin compound finals are coded by hand slides (i.e., hand movements from one position to another), which makes our Mandarin Chinese CS system much simpler and more efficient. 3. The most commonly used consonants are distributed in the same manner as French consonants, which has already confirmed its optimal performance. For the special consonants in Mandarin Chinese, their distribution is determined to distinguish their corresponding lipshapes. In addition, the consonants that can be combined with semiconsonants [j], [w], [ɥ] are not allocated to the same hand shape group. 4. We propose to use four head movements to code the Mandarin Chinese tones. In this way, the cuer's hand is able to be wholly focused on the phoneme coding. groups is easier and less ambiguous in the case of changing hand shapes than changing hand positions. Moreover, the optimization of the consonant allocation using handshapes is comparably easy to avoid confusion of these semiconsonants with other consonants.
Recall that CS systems are phonetic-based instead of orthographic-based. Thus, in its orthographic form, when a compound final is used alone without a consonant ahead, i, u, ü are changed to y, w, yu, respectively. But if there is a consonant before the compound final, its orthographic form remains unchanged. For example, for uai, if there is no consonant ahead, it will be written as wai. However, if there is a consonant ahead, such as kuai, uai will keep its original form instead of changing to wai. This is a key difference compared with our proposed method for Mandarin compound finals. In fact, in all cases, a compound final starting with i, u, ü is always coded using a semiconsonant, no matter if this compound final is alone or precedes a consonant. This is coherent with the fact that uai and wai have the same pronunciation.
In addition, this coding approach is consistent with our educational methods of Mandarin Chinese. For example, liang is spelled as l followed by iang, but pronounced as l [l] followed by yang [yɑŋ] . In our proposed Mandarin Chinese CS system, liang is coded in the exact same way (i.e., l [l] followed by yang [yɑŋ]).
By using semiconsonants to code the compound finals starting with i, u, ü, the number of the remaining finals that need to be distributed to different hand positions is considerably reduced (from 36 to 16). These finals (see Table 1 ) contain 6 single vowels, 4 diphthongs, 5 nasalized vowels, and also er. For the sake of simplicity, in the remainder of this article, we will call them "vowels" in Mandarin.
Due to the large number (36) of Mandarin finals, we can imagine a great complexity to distribute them in CS system only by several hand positions compared with the British/America English systems. 8 According to Cornett (1967) , people can relatively easily distinguish three different lip configurations (open, flattened-relaxed, and rounded), thus one hand position could be used to code three different vowels that have distinguishable lips forms. In this case, about 12 hand positions should be needed to code 36 Mandarin finals, which is not reasonable.
Another way to code compound finals may be the combination of two or three successive vowels. This is very similar with the way of coding diphthongs in the English CS system, which uses slides between different hand positions (Nicholls & Mcgill, 1982; Alegria et al., 1990) . However, due to the large number of compound finals in Mandarin, too many hand slides would be necessary. This would make the coding procedure very time-consuming, and complicated for the cuers to learn and perceive.
Coding of Compound Finals Starting With i, u, ü Using Semiconsonants
Due to the fact that the high vowels i, u, ü at the beginning of a compound final can be seen as a glide (Lin, 2007) , we propose to code them in Mandarin Chinese CS by semiconsonants [j], [w], [ɥ] instead of vowels i, u, ü. In this way, [j], [w], [ɥ] are coded by handshapes instead of hand positions, and thus avoid the use of hand slides. In fact, the change of handshapes during the trajectory from one hand position to another can be realized easier and more rapidly than the change of hand positions (Cornett, 1967; Nicholls & Mcgill, 1982 French vowels. This similarity allows us to build a preliminary allocation of the Mandarin vowels. This preliminary allocation will then be optimized by studying the lip parameter distribution for the Mandarin Chinese. It should be mentioned that our work does not constitute a detailed phonetic phonological study concerning these two languages. The similarity is just exploited to determine a first vowel allocation that will then be optimized.
Similarities Between Mandarin and French Vowels
Comparing French and Mandarin vowels, evidently, there is no simple one-to-one mapping since they are different in nature. In fact, Mandarin vowels are a bit more complicated than French vowels because all 16 French vowels are monophthongs, while for Mandarin, 6 of them are monophthongs, 4 are diphthongs, and 5 are nasalized vowels. However, we still find that they have some remarkable similarities (see Fig. 2 ).
Coding of the 16 Mandarin Vowels
Recall that two main criteria should be considered when proposing a new CS system: (1) vowels that have similar lipshapes should be distributed into different hand position groups, and (2) the minimum number of hand position groups should be used to reduce the amount of energy needed. The French CS system is an optimized CS system that follows that criteria. ALPC has presented strong and compelling evidence that when using LPC, French deaf children perform better in school and their hearing parents can communicate better with their deaf children at home. Moreover, the effectiveness of LPC has been shown in the literature (Charlier et al., 1990; Alegria et al., 1999; Attina et al., 2002; Attina et al., 2004; Attina, 2005; Aboutabit, 2007; Heracleous et al., 2009) .
We remark that in LPC (LaSasso et al., 2010), 16 French vowels are distributed in 5 hand positions without any hand slides. In this section, we explore the similarity between the 16 Mandarin vowels and the cannot be described only by a fixed position on the vowel space, but by a transition from one location to another (Lin, 2007 (Dow, 1972) .
Then, we consider the nasalized vowels an, en, ang, ong, and eng. The goal is to establish an approximate correspondence between Mandarin Chinese nasalized vowels and French nasal vowels, without evoking the delicate differences between a nasalized vowel and a nasal vowel (Feng & Castelli, 1996) . We observe that an, ang, and ong are very close to [ɛ̃] , [ã] , and [ɔ̃], respectively. However, there is no evident correspondence of en to a known French nasal vowel (see Figure 2 ). As for eng, it corresponds to the final consonant [ŋ] .
Preliminary Vowel Allocation
Based on the previously mentioned similarities with French vowels, a primary vowel allocation of 11 Mandarin vowels to five hand positions is first established (see Table 2 ). Then, for the remaining vowels that do not correspond to the French vowels, we categorized them by the following criterion: The vowels with similar lip shapes should be arranged into different hand position categories. Based on the knowledge that eng has quite a different lip shape than ü and ei, we decided to put eng in P5 (see Table 2 ). Based on similar reasons, we distributed en in P2, considering Finally, we consider er, which appears rarely in Mandarin. After the previous steps, 15 Mandarin vowels (except er) are distributed to five hand positions (three vowels per one position). er should be allocated to a hand position with minimal confusion with other vowels. We found that P2, P4, and P5 satisfy this condition. Since P2 is the side position with much larger space than other positions, we decided to distribute er to P2.
The obtained primary vowel allocation is shown in Figure 3 . This vowel allocation possesses certain optimal characteristics, inherited from the LPC system. However, one can ask if it is really optimal for the Mandarin Chinese CS system. In the next section, we carry out an experimental study on the lip shape parameter distributions in order to clarify this preliminary allocation.
Coding of the Mandarin Vowels: Optimization
In this section, we analyze the distributions of the lip parameters for vowels allocated to each hand position based on a new corpus recorded by three native Chinese speakers. In this way, we examine whether the that en is rather different with a and ou in terms of lip shape.
After we allocated the vowels discussed previously, we noticed that in position P1, there is only one vowel: an. an has a different lip shape than e and o. Thus, these three vowels can be allocated to P1. One may think that e and o have similar lip shapes and may be confused if they are in the same hand position. However, we note that e and o almost never occur after the same consonants. More precisely, o only follows consonants b, p, m, f or naturally forms uo (or wo) with u. However, this is not possible for e since it can only follow other consonants (except for the one exception me). Thus, the consonant that precedes e or o prevents any confusion by performing different handshapes. different vowels coded by hand positions are sufficiently separable and distinguishable in our Mandarin Chinese CS system.
Database
The database was recorded specifically for this pilot study of the new Mandarin Chinese CS system. 10 It contains three native hearing Chinese speakers (one female and two males). Each of them utters 242 Mandarin words (such as ting and kuang). Each word is composed of one consonant and one of the 16 Mandarin vowels. These words cover all of the vowel combinations in Mandarin (see Table 3 ). In Table 4 , the vowels' number of occurrences are given. Note that in this corpus, we use words instead of isolated vowels in order to take into account the variability of the syllable context. The main reason that we use data from hearing speakers is that, according to the original CS system (Cornett, 1967) , hand coding is used to distinguish the lip visemes, which are established and analyzed from lip shapes of hearing people.
Temporal segmentation for all vowels is obtained manually using software Praat (Liu, 2018) . Lip parameters (i.e., A and B) are obtained by manually placing several points on the contour of the inner lips. More precisely, the lips width A is calculated by the distance of two points A 1 and A 2 , which are the two extremes in the horizontal direction of the inner lip contour (see Figure 4 ). For calculating the lips height B, we define it to be the distance of two points B 1 and B 2 which are the middle points of the inner lips in the vertical direction (see Figure 4 ).
Lip Parameter Distributions for Preliminary Vowel Allocation
After obtaining A and B parameters of all vowels of the three speakers, we first Figure 7) , we can see a little confusion between eng and a, like Speaker 2, but ou is totally separated for P2. However, for P5, en and ei are totally confused. In addition, for P3, ong is not mixed with one part of i but is very close, like the case for Speaker 1.
In order to objectively measure the separability of the vowels allocated for each hand position, a vowel classification score is calculated. In this experiment, multi-Gaussian models (Bishop, 2006) are used to train and to recognize the vowels in each hand position. More precisely, in each hand position, each vowel is trained by one Gaussian model. Let x = (A,B) , which denotes the mean values of A and B parameters in the target time interval for one vowel. Given any new vowel with lip parameter x 0 = (A 0 , B 0 ), we calculate the probability of x 0 for each models by Figures 5, 6, and 7 , respectively, with each distribution corresponding to three or four vowels coded by a given hand position. Now, we analyze the results for the preliminary vowel allocation. Globally, good vowel separation can be observed for all of the speakers (Figures 5-7) . Different vowels coded by each hand position are distinguishable in A and B planes. However, the following specific remarks can be formulated.
1. For Speaker 1 (see Figure 5 ), some special points are worth mentioning. First, for P1, three vowels an, o, and e are not well-separated. Although, in principle, e and o are very close but an is rather different from them. Indeed, for speakers 2 and 3, an is rather separated from e and o. Secondly, for P3, ong is mixed with one part of i, caused by its preceding consonants zh, ch, and sh. 2. For Speaker 2 (see Figure 6 ), eng is rather mixed with a and ou for P2. However, for the other two speakers, this confusion is not marked. For example, for position P1, which contains three vowels (an, o, e) , three Gaussian models are trained for these vowels with A, B parameters based on our where n = 2, µ is the mean value, and Σ is the covariance matrix of the Gaussian model. The model with the highest classification probability is the target vowel class. to Table 2 , we can know the number of occurrences for each vowel. For example, concerning vowel a, the number of occurrences is 21. Therefore, there are about own database for each speaker. Here, 80% of the data is used for training and the remaining 20% is for the test. About 5 images are selected for each vowel. According 21*5=105 image frames for vowel a. In this case, 105*0.8=84 images for vowel a are used for training and the rest 21 images are used for the test. The training data of the Gaussian model for vowel a is a matrix with size 84*2, where 2 means the A, B parameters of the inner lip of the image. The result is the average of 100 experiments
Optimization
Based on the previous observations, we make two modifications to reduce the observed confusion in each hand position.
Confusion between ong and one part
of i has been observed for Speaker 1, as well as for Speaker 3. In order to avoid it, we propose to exchange the positions of ong and ü in hand position 5, since ü is distributed far from other vowels in the A and B planes. 2. Vowel eng is confused with a and ou for Speakers 2 and 3, and en is also confused with ei for Speaker 3. We propose to exchange the positions of eng and en to resolve this problem.
The results after this optimization are shown in Figures 8, 9 , and 10. We can see that the confusion concerning these vowels has been removed.
Furthermore, the Gaussian classification scores in Table 6 confirm the improvement of our optimization. Compared with the result before optimization (Table 5) , the with the different training and test sets. The standard deviations of all results are less than 1% in Tables 5 and 6. Three sets of parameters, in other words, Θ 1 = ( μ 1 , Σ 1 ); Θ 2 = ( μ 2 , Σ 2 ); and Θ 3 = ( μ 3 , Σ 3 ) corresponding to three vowels an, o, and e are obtained. In the test stage, for a new observation x 0 = (A 0 , B 0 ), using Equation 1, the parameters Θ 1 , Θ 2 , and Θ 3 corresponding to the maximum probability will be the recognized vowel class.
For each lip parameter distribution, the corresponding classification score obtained by the Gaussian classifier is given (see Table 5 ). We can see the mean Gaussian classification accuracy for Speaker 1, Speaker 2, and Speaker 3 is 91.03%, 86.65%, and 89.46%, respectively. The accuracy of these classifications objectively indicates the separability of the vowels for each hand position. This means that our primary allocation based on the LPC is rather satisfied.
We then perform an optimization procedure by changing the allocation for several vowels so that the final vowel allocation gives a better separability. phonetic form on the condition that they have similar lip shapes. In this way, the following consonants are distributed corresponding to the LPC system: b, p, m, f, d, t, n, l, g, k, sh, z, s, and r, as well as three semiconsonants [j], [w], and [ɥ] . For the remaining special Mandarin consonants: h, j, q, x, zh, ch, and c, their distributions are determined by distinguishing their corresponding lip shapes.
Moreover, in order to mark the handshape change between the consonant and semiconsonants [j], [w] , and [ɥ], the consonants that can be combined with [j] , [w] , [ɥ] should not be placed in the same handshape group. For this purpose, we examine the occurrence of the consonants (Wu & Shih, 2009 ) that can be combined with the semiconsonants [j], [w], or [ɥ] (see Table 7 ) to realize a consonant allocation. More precisely, we decided to remove sh from the handshape group 6 where there is [w] , since there are many combinations between sh and [w]. However, it is not possible to totally avoid this situation. In our case, l is allocated to the same group 6 as [w] even though combinations between l and [w] are possible. This phenomenon can also be found in French CS, and the complementary information from lip patterns can help avoid confusions.
Coding of Consonants
Considering Mandarin consonants, we adopt the same principle as the coding of Mandarin vowels: The most commonly used consonants are distributed as in the LPC system, which has already been confirmed for optimal performance. Indeed, it has been recommended by Cornett (Cornett, 1994) to maintain the maximum compatibility of the target CS system with other known CS systems. Therefore, in this work, we first try to explore the correspondence between the Mandarin Chinese CS and LPC.
Note that there are 21 Mandarin consonants with 3 semiconsonants (Duanmu, 2007) . Therefore, 24 consonants need to be allocated. If one handshape is suitable to indicate three consonants, 8 handshapes are needed to code 24 consonants. Recall that the LPC system is also designed to use 8 handshapes to code 21 consonants.
It should be mentioned that, for consonants, there is a notable difference between Mandarin Pinyin and their corresponding International Phonetic Alphabet (IPA) symbols (Manser et al., 2003) . For example, Mandarin consonants b and p are pronounced as [p, p h ] instead of [b, p] (Duanmu, 2007) . From the phonetic point of view, this difference is important, especially for the production and perception of these consonants. However, we think this difference is not fundamental when designing a CS system, because the lip shapes of [b, p] Fig. 11 ).
Conclusion
In this work, we carried out a pilot study and proposed a novel and efficient Mandarin Chinese CS system that is designed and optimized for the deaf community. In this system, Mandarin compound finals starting with i, u, and ü are coded using the semiconsonants [j], [w] , and [ɥ] . By this way, the number of finals that need to be coded by hand positions is reduced from 36 to 16, so that no additional hand slides are used in our system. This is one of the main advantages since reducing hand movements to a minimum level permits CS cuers to expend less energy, increases its efficiency, and allows the CS interlocutor to decode the speech with minimum ambiguity. Besides, we explore similarities between Mandarin and French vowels to build a preliminary Mandarin Chinese CS vowel allocation, which is then optimized by analyzing lip parameter distributions for each hand position based on a new database. This approach permits optimal vowel allocations and guarantees a maximum compatibility with the known LPC system. The consonant coding is also based on the same principle. Finally, we propose to code Mandarin tones by head movements, which reduces the complexity of hand movements.
Limitation of the Current Study
In this work, one of our main objectives is to build a Mandarin Chinese CS system without using any slides for Mandarin compound finals. This makes the proposed Mandarin Chinese CS system efficient since it avoids using lots of hand shifts. However, some cuers who already code with
Tone Coding
Mandarin Chinese is a tonal language (Howie, 1976; Gottfried & Suiter, 1997; Wang & Spence, 1999; Xu, 1997; Howie, 1974) , which contains four main tones and one neutral tone. The same syllable can be pronounced with different tones, giving different meanings. For example, la (tone 0: the neutral tone); lā (tone 1: high level tone); lá (tone 2: low rising tone); lǎ (tone 3: falling-rising tone); là (tone 4: high falling tone) represent five different words by five different tones. Wikipedia (https://en.wikipedia.org/ wiki/Cued_speech) reports that CS systems of tonal languages, the tone could be indicated by hand inclination and movement. However, we noticed that in the CS coding, cuers' hands will naturally rotate or incline, thus it is not clear if those movements indicate tone or not. Besides, we think that using hand movements for Mandarin tones will be very complicated to achieve because a large number of vowels in Mandarin already require a lot of hand movements.
Therefore, we propose to indicate the Mandarin tones by head movements. In the case of tone 0, the head keeps still, which means no tone indication is needed. In tone 1, the head shifts to the right without any rotation. In tone 2, the head shifts to the up direction. In tone 3, the head moves down and up (a shape V) and in tone 4, it moves down direction (see Fig. 11 ). Indeed, the tone indications are only needed when there is confusion. 12 For example, the word sōngshù with the 4th tone of shù is totally different with sōngshǔ with the 3rd tone of shǔ.
Based on all these considerations, we propose a complete Mandarin Cued CS system that is shown in Figure 11 (both in Pinyin and IPA). Note that in Mandarin Chinese, the special case of an isolated 5. http://www.cdpf.org.cn/english/ 6. Mandarin Chinese Pinyin is the official Romanization system for standard Chinese in mainland China (Li & Thompson, 1989; Lin, 2001 ) is in italic type, and the international phonetic symbol form is in [ ]. 7. ALPC reports that LPC has been used for about 40 years with very positive feedback from the deaf community (LaSasso et al., 2010) . 8. Note that there are only 15 vowels in French with 5 hand positions and about 20 vowels in British/America English with 4 hand positions and 4 hand slides. 9. According to Lin (2007) , [ɺ] and [ɭ] are called apical vowels. 10. This dataset will be made publicly available on Zenodo. 11. It is good to keep the consistency and compatibility with the other language CS system, since in this way, CS cuers can switch from one language to another language more easily (Cornett, 1994) . 12. In daily communication, the confusion made by tones can be reduced based on the contextual information of the conversation.
American/British English CS, might prefer a Mandarin CS system with slides. Therefore, further comparative studies with and without using the slides could be carried out. Cuers' practical feedback would determine if the proposed system is optimal and compatible with other languages of CS.
Future Practice of the Proposed System
In the future, we hope to apply this system in practice to examine its performance, either with hearing families with deaf or hard of hearing children or in deaf schools. For example, a certain number of deaf children can be asked to study the proposed Mandarin Chinese CS system for one semester (i.e., several months). After this semester, we could evaluate their performance by asking them to code 20 Mandarin words or sentences. Moreover, we would ask for their feedback about the proposed system compared with other possible proposals such as using slides for diphthongs.
